Abstract. Several recent studies have demonstrated that virulence in Entamoeba histolytica is triggered in the presence of both pathogenic and nonpathogenic bacteria species using in vitro and in vivo experimental animal models. In this study, we examined samples aspirated from abscess material obtained from patients who were clinically diagnosed with amebic liver abscess (ALA) or pyogenic liver abscess (PLA). To determine the diversity of bacterial species in the abscesses, we performed partial 16S rRNA gene sequencing. In addition, the E. histolytica and Entamoeba dispar species were genotyped using tRNA-linked short tandem repeats as specific molecular markers. The association between clinical data and bacterial and parasite genotypes were examined through a correspondence analysis. The results showed the presence of numerous bacterial groups. These taxonomic groups constitute common members of the gut microbiota, although all of the detected bacterial species have a close phylogenetic relationship with bacterial pathogens. Furthermore, some patients clinically diagnosed with PLA and ALA were coinfected with E. dispar or E. histolytica, which suggests that the virulence of these parasites increased in the presence of bacteria. However, no specific bacterial groups were associated with this effect. Together, our results suggest a nonspecific mechanism of virulence modulation by bacteria in Entamoeba.
INTRODUCTION
In 1937, Westphal performed a highly controversial study to test the importance of associations between intestinal protozoa and bacteria in maintaining the virulence of Entamoeba histolytica. 1 In the 1980s, Bracha and others reexamined this hypothesis and reported the increased expression of various E. histolytica virulence factors in human isolates when the ameba was co-cultured with different bacterial species. 2 In 1983, the same authors published an extensive review of the possible mechanisms underlying the bacterial modulation of expression of E. histolytica genes encoding pathogenic factors. 3 The complex mechanisms underlying the interaction between amebas, bacteria, and host cells are incompletely understood. However, it is know that certain bacterial groups contribute to the structure of the genome in some eukaryotic organisms, including Entamoeba, through horizontal gene transfer (HGT). [4] [5] [6] Some of the first evidence of HGT in Entamoeba species was discovered by Rosenthal and others in 1997, 7 and these conclusions were supported after sequencing of the E. histolytica HM1:IMSS genome. 8, 9 In addition, it has been demonstrated that amebas can either ingest bacteria or keep them attached to the amebic membrane in a mutualistic interaction that allows the transfer of genetic information to the Entamoeba parasite. 2, 3, 10, 11 Other studies have shown that in the absence of bacteria, E. histolytica does not express virulence factor-associated genes. Long-term axenic cultures of E. histolytica HM1:IMSS show loss of virulence in both in vitro (cytopathic and cytotoxic effects in cell cultures) and in vivo models of infection (amebic liver abscess [ALA] in hamsters). 12, 13 In 2008, Galván-Moroyoqui and others 11 demonstrated that damage to epithelial cells caused by E. histolytica is dramatically increased in the presence of Escherichia coli and Shigella dysenteriae because of the increased expression of GalNAc lectin and cysteine proteases. Moreover, bacteria can transform aerobic environments into anaerobic environments, thereby increasing the production of free oxygen radicals because of the presence of peroxidases and catalases. This altered environment has been proposed to trigger the virulent behavior of E. histolytica.
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Several taxonomic groups of bacteria have been associated with the genus Entamoeba in human amebiasis. Among the most important of these bacteria are the Gammaproteobacteria, including Enterobacteriaceae E. coli, Shigella spp., Klebsiella spp., and Salmonella spp. 16, 17 Almost all of these bacteria express some type of mannose-linked lectins, which are essential for cell-cell binding. 3, 18 Other bacteria, such as Salmonella spp., express N-acetyl glucosamine as a surface antigen, which aids in attachment to E. histolytica through the GalNAc lectin complex. 2, 3 Gram-positive bacteria such as Streptococcus, Staphylococcus, and Pseudomonas, as well as other groups of bacteria, are highly efficient in triggering the virulence behavior of E. histolytica.
16, 19 Mirelman 16 observed that only a few bacterial species have the capacity to attach to the amebic membrane or be phagocytosed by E. histolytica. Based on the epidemiology of diarrheal diseases, amebiasisendemic areas are also commonly endemic for other enteropathogens causing diarrhea. In poor and crowded communities, mixed intestinal infections constitute a considerable number of diarrheal cases. 20, 21 In this scenario, almost all pathogenic enterobacteria can be cultured in the laboratory, [22] [23] [24] [25] in contrast to the intestinal microbiota, which generally includes nonculturable bacteria. 26 Evidence of coinfections with both species of Entamoeba (E. histolytica and Entamoeba dispar) has been reported in patients with ALA. 27 Of note, the molecular characterization of E. dispar in a patient with enteritis was recently reported in Italy. 28 Furthermore, some patients with ALA present with mixed hepatic abscesses that are coinfected with pyogenic bacteria. The goal of this study was to identify bacterial species in the aspirate material from patients with ALA as well as the protozoan species present in pyogenic abscesses. To this end, we collected aspirated abscess material from patients with ALA or pyogenic liver abscess (PLA) to genotype the bacterial species and Entamoeba present in the abscess. We also estimated the bacterial population diversity and determined the phylogenetic relationships between organisms. Furthermore, a correspondence analysis of clinical data with the etiology (pyogenic, amebic, or mixed) of the hepatic abscess and Entamoeba genotypes and bacterial groups was performed to test for significant associations.
METHODS
Sample collection and DNA extraction. The protocol for this study was submitted and approved by both the Ethics Committee of the Faculty of Medicine of National University of Mexico and the Committee of Hospital General de Mexico in Mexico City. Eleven Mexican patients, six with clinical diagnoses of ALA and five with clinical diagnoses of PLA, were included after they signed a letter of informed consent. Liver abscess patients underwent sonography-guided draining to reduce the risk of rupture, and the obtained material was kept at −80°C until DNA extraction. The DNA was extracted using the DNeasy Kit Blood and Tissue Kit (Qiagen, Valencia, CA) according to the manufacturer's instructions.
Bacterial cloning and sequencing. A fragment of approximately 500 base pairs (bp) from the 16S rRNA gene was amplified using the primers 27F-AGAGTTTGATCMTG GCTCAG (forward) and 1492R-ACCTTGTTACGACTT (reverse). 29 The polymerase chain reaction (PCR) mixture (50 μL) was prepared with 1.5 μL of each primer (3 mM), 5 μL 10× buffer, 2 μL of 15 mM MgCl 2 , 4 μL dNTPs (10 mM), 34.8 μL water, and 1 U Taq DNA polymerase (Platinum Taq; Invitrogen Corporation, São Paulo, Brazil). The PCR cycling parameters were as follows: denaturation at 94°C for 3 minutes, followed by 30 cycles of 94°C for 1 minute, annealing at 61°C for 1 minute, and extension at 72°C for 1 minute and 30 seconds, with a final post-amplification incubation at 72°C for 10 minutes. The PCR products were analyzed on a 1% agarose gel containing ethidium bromide (0.5 μg/mL) and purified using Millipore Ultrafree-DA columns (Millipore Corporation, Bedford, Massachusetts). The purified products were cloned by ligation into the pCR 2.1-TOPO vector (Life Technologies Corporation, Carlsbad, CA) and used to transform competent E. coli (TOP10). Positive clones were identified by blue/white selection, and PCR was performed on DNA extracts prepared from bacterial (clone) colonies to confirm the insert (clone) size. Liquid cultures were grown in Luria medium containing 50 mg/mL kanamycin, and the DNA plasmids were purified for sequencing with the commercial Montage Miniprep kit (Millipore Corporation). Plasmids from each ligation were sequenced for both DNA strands using the 27F and 1492R universal primers. Sequencing was carried out by Sanger dye-terminator sequencing through highthroughput sequencing (High Throughput Genomics Center, Seattle, WA).
Short tandem repeat (STR) fragments were amplified from the genomic DNA by PCR using two E. histolytica/ dispar-specific tRNA-linked STR primers (D-A and N-K2) under the previously described conditions, 30 with the exception that PCR was performed in triplicate 20 μL reactions with Platinum Taq ® polymerase (Invitrogen, Carlsbad CA). Thirty-five PCR cycles were used for annealing at a temperature of 50°C for D-A and 58°C for N-K2 primers. Triplicate PCR products were combined and concentrated to 30 μL. The amplified products were separated using a 2% agarose gel containing ethidium bromide (0.5 μg/mL) and purified using Ultrafree ® -MC centrifugal filter devices (Millipore). After purification, the PCR products were sequenced through HTSeq as described above.
Data analysis. The bacterial sequences were deposited in GenBank (accession nos. KP658212-KP658352). For the E. histolytica/dispar sequences please refer to the report of Zermeño and others from 2013. 31 All sequences were assembled and analyzed using BioEdit Sequence Alignment Editor version 7.2.0 (Ibis Bioscience, Carlsbad, CA). 32 The phylogenetic reconstructions were carried out by Bayesian probability analysis using MrBayes 3.2. 33 The Markov chain Monte Carlo method was run for 1 million generations with sampling every 100 generations. The substitution model GTR + I + G was used. Finally, two "cold" chains and two "hot" chains were run with a temperature equal to 0.1. Of the sampled trees, 25% (1,250 trees) were used to build a consensus tree.
Multiple correspondence analysis. Multiple correspondence analysis (MCA) was used to detect patterns of association between 1) the clinical diagnosis of pyogenic or amebic hepatic abscess and bacterial diversity (groups and genera); 2) the clinical diagnosis and the most relevant clinical characteristics (serum anti-amebic IgG antibodies and sonography); and 3) the E. histolytica or E. dispar genotypes (presence or absence of DA and S TGA amebic molecular markers). MCA is a multivariate analytic technique that simplifies complex sets of categorical variables, thus providing an exhaustive analysis that allows a detailed description of the data. 34 The results of MCA are visualized in a bidimensional graphical output, which shows clouds of points representing categories of each variable. The pattern of association between variables is interpreted in terms of the relative position of their points along the dimensions. Points that are closer together are more strongly associated.
RESULTS
Clinical features of the patients. As previously mentioned, patients with ALA were included in the study after they signed a letter of consent. The physician in charge performed the clinical examination and the clinical diagnosis. Some variables analyzed in this study were obtained from the clinical files, including the sonography images suggestive of hepatic abscess and the results of enzyme-linked immunosorbent assays used to detect high levels of anti-amebic antibodies (cutoff value > 0.520 optical density [OD] , as validated in a Mexican population). 35 Diagnosis of PLA was based on the presence of metabolic disease and chronic degenerative or inflammatory disease and the absence of high levels of anti-amebic antibodies (cutoff value < 0.520 OD; Table 1 ). Serology can be used to effectively differentiate between PLA and ALA.
Bacterial species and Entamoeba genotyping. Twentyseven bacterial groups were found in the 11 studied liver abscesses ( Figure 1 ). The bacteria were identified to the genus level in most cases by comparison of their sequences to sequences in GenBank ( Table 2 ). Three groups corresponded to uncultured bacteria, showing no taxonomic affiliation (uncultured sp. 1-3). A search of homologous sequences in the GenBank database showed that 16 of the 27 (60%) bacterial groups corresponded to the genera Streptococcus, Prevotella, Abiotrophia, and others. The identified bacteria may represent new genotypes because their partial 16S rDNA sequences did not show full sequence identity with any sequence in GenBank. Sequences corresponding to Hymenobacter showed a maximum identity of 96%, potentially indicating a new species (Table 2) . Figure 1 shows the genera of bacteria found in more than one abscess; these included Sediminibacterium, Fusobacterium, Bacteroidetes, Pseudomonas, Ralstonia, Klebsiella, and Streptococcus sp. 5. Sediminibacterium was present in four abscesses, three clinically diagnosed as ALA and one diagnosed as a PLA. The most abundant, but not necessarily the most frequent, genera were Klebsiella (24 clones: 18 in patient A69 and six in patient A156) and Streptococcus sp. 6 (22 clones from the PLA of patient N77). Additionally, 13 clones of Streptococcus sp. 5 were obtained: four from the PLA of patient N138 and nine from patient N81 (Figure 1) . The most frequent, but not the most abundant, genus was Sediminibacterium, which was present in two ALA patients (A157 and A142) and one PLA patient (N117; Table 2 ). The abscesses with the greatest bacterial species diversity were from patients A115 (10 species) and N117 (7 species).
The samples from patients N138 and N81, both of whom had PLA, showed similarity in their bacterial composition, including Streptococcus sp. 2 and Fusobacterium. However, molecular techniques revealed the presence of E. histolytica DNA, demonstrating that patient N138 should be considered a mixed abscess case, whereas N81 had a pure PLA. These results indicate that the majority of the detected bacteria appeared in only one abscess, suggesting that bacterial diversity is unique to each abscess and that there is no specific bacterial group participating in invasion in liver abscess patients. Table 2 shows the 20 bacterial groups detected in this study that have been previously reported in intestinal samples as mutualistic organisms or human pathogens. Nevertheless, Sediminibacterium, Sphingomonas, Propionibacterium, and Pseudomonas (sp. 1 and sp. 2; environmental) had not been previously reported in human clinical cases. Indeed, these genera have been previously isolated from soils, water bodies, and other environments but not from human specimens. In the uncultured bacteria, uncultured sp. 2 and 3 were previously isolated from fecal samples and uncultured sp. 1 was reported as a skin pathogen (Table 2) .
In relation to Entamoeba in eight of the 11 studied samples, the presence of this parasite was confirmed with at least one molecular marker. Entamoeba dispar was detected in two patients, N77 and A69, representing PLA and ALA cases, respectively. Furthermore, E. histolytica was identified in almost all amebic samples ( Figure 1 ). As expected, in PLAs (patients N81 and N140), there were no evidence of E. histolytica or E. dispar according to both markers examined; however, the sample from one amebic abscess (patient A115) also did not show positive results for these two markers (Figure 1 ). The Entamoeba genotypes most frequently found in patient samples were E. histolytica HM1-IMSS (6DA) and E. dispar SAW-760 (DA (1)*). Three other E. histolytica genotypes (15SD, 12SD, and 7SD) were also found in the abscesses of patients N138, A156, A157, N117, and A142 using the S TGA marker. All of these genotypes have been previously reported in Bangladesh and elsewhere. 36 Both Entamoeba species (E. histolytica and E. dispar) were detected in one abscess (patient A69) using the DA molecular marker. The two liver abscesses showed the greatest diversity of bacteria (A115 and N117), and E. histolytica DNA was also detected in the abscess from patient A115 (Figure 1) .
Phylogenetic analyses of the most abundant groups of bacteria. Phylogenetic analyses were performed on the bacterial groups found in more than one abscess to determine the relationships with other species and genotypes previously reported in GenBank. The phylogenetic reconstruction showed that Klebsiella was represented by four genotypes; two genotypes were present in the abscesses of patient A156 (clade 1 and 2) and A69 ([clades 2, 3, and 4]; Figure 2A ). These four genotypes were closely associated with Klebsiella pneumonia (accession no. KC692181), which has been associated with human infections in some liver abscesses. 37, 38 The phylogenetic reconstruction separated Bacteroides and Bacteroidetes into two clades ( Figure 2B ). The two variants from Bacteroides were detected in the same patient with a pyogenic abscess (N138; clade 1), whereas Bacteroidetes was represented in two groups in the pyogenic abscesses of patients N140 and N117 (clade 2). These four variants of Bacteroides and Bacteroidetes showed low sequence identity (< 97% identity), which suggests that these variants may be considered separate species ( Table 2) .
The genus Streptococcus was classed in six different clades; Streptococcus sp. 2 (clade 2) was found in two patients (1) Gibberella (AM946177: 100) Associated to fungi N-117 (1) Uncultured (AJ609013: 99) SoilFIGURE 2. Phylogenetic reconstruction with the Bayesian method using the 16S rDNA sequences of five bacterial groups found in liver abscesses. The posterior probability from the MrBayes and GTR+I+G analysis is shown at each node. Groups: (A) Klebsiella, (B) Bacteroides and Bacteroidetes, (C) Streptococcus, (D) Pseudomonas, and (E) uncultured bacteria.
clinically diagnosed with PLAs (N81 and N138), both with the same genotype ( Figure 2C ). Streptococcus sp. 3 was found in patient N77 (clade 1), represented by only one genotype. The other genotypes of this genus were detected in only one patient, A115 (clades 3-6; Figure 2C ).
Five genotypes from the Pseudomonas group were found in two patients diagnosed with ALA (A157 and A142) and in one patient diagnosed with PLA (N117; Figure 2D ). Although the Pseudomonas phylogeny was not resolved, some unique genotypes were found in patients A142 and A157. The uncultured group, which includes multiple genotypes in each clade, was detected in patient A115 ( Figure 2E ).
In summary, some patients developed abscesses coinfected with more than one bacterial group; in addition, the same genotype could be found in more than one patient (Figures 1  and 2) .
Bacteria-ameba association and clinical diagnosis. Regarding the association between isolated bacterial groups and the type of abscess, multivariate analysis showed the formation of three groups in the spatial distribution defined by MCA; however, as expected from the diversity and abundance of the bacterial species isolated from each liver abscess (Figure 1) , the pattern of distribution described a limited association (14.49% for each dimension) among bacterial groups and the clinical diagnosis ( Figure 3A) . No predictions regarding the type of abscess could be made based on any specific bacterial group. Only two of the PLAs (N81, N138) were clearly separated from the rest; the remaining pyogenic abscesses were included in groups with both types of abscess. Figure 3B also shows the MCA results for relationships among clinical variables (Table 1 ) and ameba genotypes ( Figure 3B) . Interestingly, the clinical features of patients with ALAs showed no correspondence with any Entamoeba genotype. Serology is the most used indicator of acute amebiasis, and the serologic assays for all ameba variants are extraordinarily simple to perform and interpret, which might explain the variety of clinical pictures in both types of patients. Moreover, several signs and laboratory indicators (e.g., location of the abscess in the right or left hepatic lobule and high leukocytes counts) are common to ALA and PLA [39] [40] [41] [42] [43] ; the definitive differential and etiological diagnosis of a mixed-type abscess or ALA is based on the results of PCR analysis targeting the D-A and S TGA haplotypes of E. histolytica or E. dispar in the abscess aspirate. The MCA results (Figure 3 ) identified three discrete groups of abscesses arising from E. histolytica and/or E. dispar infection.
DISCUSSION
The high prevalence of Entamoeba infection and other enteropathogens in underdeveloped countries has been recently reported. 21, 22, 25, 44, 45 In most cases, efficient diagnostic technologies are not available, making diagnosis almost impossible in some communities. 46 In our experience, molecular diagnosis is not yet available throughout the majority of health-care services even in technologically advanced countries. In most cases, these assays are performed in very specific research centers, and the technology is generally not commercially available. For these reasons, the clinical expertise of physicians is the key to diagnosis and successful treatment.
Efforts have been made in recent decades to design diagnostics based on molecular techniques to identify genetic variants of prokaryotic and eukaryotic microorganisms that are of importance to human health. 30, 38 Such tools would allow the reliable identification of the most prevalent etiologic agents in endemic areas of gastrointestinal infectious diseases. Mexico is one such endemic area, and the most vulnerable population is children younger than 15 years of age. Beyond the effects of amebiasis on the intestinal tract, this disease can also invade extraintestinal organs such as the liver.
Until now, it was thought that liver abscesses could be clinically differentiated into ALAs (caused by amebas exclusively), PLAs (caused by mainly anaerobic bacterial infections of intestinal origin), and mixed abscesses (originally caused by amebas and then infected by pyogenic bacteria). However, our results strongly suggest that most of the ALAs caused by E. histolytica are mixed abscesses (bacteria and protozoa). Indeed, the spectrum of outcomes of these infections could be related to the bacterial/protozoan density ratio. In a previous study, 27 we hypothesized that the size of intestinal amebic ulcers and the local inflammatory response permits the exit of E. histolytica trophozoites and intestinal bacteria, some of which enter the phagocytic vacuoles of trophozoites. 11, 47, 48 Our current results agree with our previous hypothesis and may explain the diversity of disease outcomes. Importantly, however, the causes of PLA and ALA are entirely different. PLA is primarily a consequence of chronic inflammatory disease or chronic degenerative disease. [49] [50] [51] [52] However, residence in or travel to amebiasis-endemic areas and exposure to multiple sources of infection could explain the presence of E. dispar in some PLA patients. Only patients N81 and N140 could be considered to have pure PLAs because they did not show molecular evidence of Entamoeba infection. Patient N115, clinically diagnosed with an ALA (Table 1) , showed the greatest number of bacterial genera (10 genera); nevertheless, the PCR results (DA and S TGA markers) were negative, which is a frequent outcome when working with DNA extracted from complex clinical samples. Unfortunately, no other molecular markers were tested to rule out the presence of PCR inhibitors in the sample. The other patients with liver abscesses were molecularly characterized as having mixed liver abscesses (Figure 1 ), suggesting that clinical diagnosis alone is not always reliable. Thus, when available, molecular techniques are an invaluable tool for specific etiological diagnosis; these methods aid in therapeutic decision making and improve the clinical evolution of patients.
One important observation from our study was that in most ALA abscesses, there was no specific group of bacteria associated with Entamoeba infection. In contrast, other studies have found that Klebsiella is the most common bacteria detected in PLA abscesses in America and Asia, 53, 54 although the majority of these studies were based on the analysis of culturable enteric bacteria.
In 1998, Brook and Frazier 55 carried out a study of 116 pyogenic abscesses and showed that 76% were polymicrobial abscesses with more than one anaerobic, microaerophilic, or facultative anaerobic bacterial species. A study by Cosme and others found that most pyogenic cases show polymicrobial infection; however, E. coli and Streptococcus milleri were the most commonly found enterobacteria. 56 Mixed infections include not only abscesses in which bacteria coexist with Entamoeba species but also coinfections by E. histolytica and E. dispar or more than one genotype of a particular species. 27 Two abscesses from patients N77 and N69 from the previous study were included; the first showed E. dispar and one species of Streptococcus, while N69 showed E. histolytica and E. dispar as well as several genotypes of K. pneumoniae. It is known that of the many individuals who carry asymptomatic intestinal infections with Entamoeba (90%), only a small number develop invasive intestinal or extraintestinal amebic disease. As previously mentioned, some individuals who would otherwise be asymptomatic cyst passers may develop invasive amebic disease on infection with a particular bacterial genus, species, or subspecies through the triggering of virulence-associated gene expression in Entamoeba trophozoites.
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Recent studies on the role of the intestinal microbiota in pathogenic gastrointestinal infections suggest that these organisms participate in the upregulation or downregulation of the virulence of parasites and bacterial pathogens. 57, 58 Upregulation of virulence-related gene expression in Entamoeba might lead to acute amebic colitis or dysentery, facilitating extraintestinal invasion. As mentioned previously, tissue invasion allows the exit of Entamoeba trophozoites and enterobacteria into the mesenteric and portal circulatory system for seeding into the hepatic parenchyma. Subsequent crucial steps in the host-parasite interaction in the liver mostly depend on the capacity of the parasite to adapt to an entirely new environment and the interaction between the trophozoites and the efficacy of the innate and adaptive immune response.
Our results suggest that a high percentage of known amebic liver abscesses are coinfected with nonculturable bacteria of the intestinal microbiota as well as potentially pathogenic bacteria. Moreover, we did not identify a specific group or groups of bacteria associated with any species or genotype of E. histolytica or E. dispar in ALA.
Although the number of patients in our study was small, the sample size was sufficient to demonstrate that extraintestinal invasion by E. histolytica is accompanied by the translocation of different ratios of intestinal bacteria. The Entamoeba-bacteria interaction seems to be entirely nonspecific, and in ALA, both species of Entamoeba might be present in the same liver abscess, along with a range of bacterial groups.
In the etiological diagnosis of hepatic abscesses, assays should be performed when a sample of aspirated material from the hepatic abscess is available for DNA extraction and the diagnostician has the capacity to perform specific PCRs for E. histolytica and E. dispar and enterobacteria. The results will give insight into the etiological agents of PLA and ALA and facilitate better therapeutic interventions for each patient.
On the basis of our correspondence analysis, serological results did not seem to be directly related to the type of liver abscess or clinical manifestations; however, in clinical practice, particularly when aspirated material is not available, the detection of high levels of serum anti-amebic antibodies remains a good and important clinical diagnostic indicator of ALA. 
